[1] On-axis deep tow side scan sonar data are used together with off-axis bathymetric data to investigate the temporal variations of the accretion processes at the ultra-slow spreading Southwest Indian Ridge. Differences in the length and height of the axial volcanic ridges and various degrees of deformation of these volcanic constructions are observed in side scan sonar images of the ridge segments. We interpret these differences as stages in an evolutionary life cycle of axial volcanic ridge development, including periods of volcanic construction and periods of tectonic dismemberment. Using off-axis bathymetric data, we identify numerous abyssal hills with a homogeneous size for each segment. These abyssal hills all display an asymmetric shape, with a steep faulted scarp facing toward the axis and a gentle dipping volcanic slope facing away. We suggest that these hills are remnants of old split axial volcanic ridges that have been transported onto the flanks and that they result from successive periods of magmatic construction and tectonic dismemberment, i.e., a magmato-tectonic cycle. We observe that large abyssal hills are in ridge sections of thicker crust, whereas smaller abyssal hills are in ridge sections of thinner crust. This suggests that the magma supply controls the size of abyssal hills. The abyssal hills in ridge sections of thinner crust are regularly spaced, indicating that the magmato-tectonic cycle is a pseudoperiodic process that lasts $0.4 m.y., about 4 to 6 times shorter than in ridge sections of thicker crust. We suggest that the regularity of the abyssal hills pattern is related to the persistence of a nearly constant magma supply beneath long-lived segments. By contrast, when magma supply strongly decreases and becomes highly discontinuous, regular abyssal hills patterns are no longer observed. 
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Introduction
[2] Abyssal hills are the main topographic features characterizing the ocean floor. They are present on the flanks of all mid-ocean ridges. The origin of these hills, parallel to isochrons, has been a subject of debate for over 40 years. Models proposed for their formation conflict over whether the abyssal hills are created on the spreading axis or at some distance off-axis and whether these hills owe their relief and shape primarily to volcanic constructional processes, faulting, or some combination of the two. Models of lithospheric stretching at midocean ridges show that changes in the pattern of faulting occur spontaneously during stretching of a brittle layer suggesting the possibility that the kind of fault pattern that may produce abyssal hill topography need not depend on magmatic supply variations [Poliakov and Buck, 1998; Buck and Poliakov, 1998 ]. By contrast, magmato-tectonic cycle models suggest that the formation of abyssal hills results from the interplay of volcanic constructional processes and normal faulting that occur at or near the ridge axis [e.g., Parson et al., 1993; MacDonald et al., 1996] . Massifs are magmatically built within the axial valley, then split during an amagmatic period when tectonic processes predominate, and are transported onto the flanks, with little or no deformation [Kappel and Ryan, 1986; Pezard et al., 1992] . The distribution of abyssal hills, observed on the flanks of slow to fast spreading ridges, has been interpreted as the result of alternating periods of on-axis magmatic and amagmatic activity [e.g., Malinverno and Pockalny, 1990] .
[3] At slower spreading rates (<20 km/m.y.), theoretical models such as that by Bown and White [1994] predict a reduction of crustal thickness from enhanced conductive cooling. Restricted melting under the ultra-slow spreading Southwest Indian Ridge (SWIR) have indeed been suggested by both geochemical data [Robinson et al., 1996] and seismic measurements [Muller et al., 1999] . Some models linking crustal thickness to spreading rate become unstable at spreading rates <20 km/m.y. possibly as a consequence of the breakdown in steady state conditions. For example, Sotin and Parmentier [1989] showed temporal fluctuations in melt production for spreading rate of 20 km/m.y. Louden et al. [1996] also suggested that for ultraslow spreading ridges the rate of such pulse of melt production does not keep pace with the rate of plate separation leading to a crustal thinning. However, until now there were only sparse data at ultra-slow spreading ridges to test the occurrence of pulses in magmatic activity and to analyze their possible contribution to the off-axis morphology.
[4] We use here both on-axis and off-axis geophysical data of the SWIR to document the along-axis variability of volcanic ridges and to provide new insights into their evolution through time on the flanks of the ridge. First, we use the fine-scale side scan sonar data collected within the SWIR axial valley during the French-UK-Japanese InterRidge (FUJI) cruise (R/V Marion Dufresne, October 1997) [Tamaki et al., 1998; Sauter et al., 2002a] . We present the distribution of volcanic and tectonic features along the axial valley. We interpret differences in volcanic and tectonic morphologies as stages in an evolutionary life cycle of axial volcanic ridge development. Off-axis bathymetric, gravimetric and magnetic data collected during the Gallieni cruise (R/V L'Atalante, October 1995) [Patriat et al., 1996] allow us to determine the size, shape and distribution of the abyssal hills that we interpret as remnants of axial volcanic ridges. We suggest that periods of volcanic construction alternate with peri-ods of tectonic dismemberment to built the abyssal hills. We propose that the size of these abyssal hills is related to the magma budget beneath the segments and that their succession is related to the persistence of the magma supply.
Regional Setting
[5] The SWIR is a major plate boundary separating Africa and Antarctica with an ultra-slow spreading rate of about 16 km/m.y. [DeMets et al., 1990] . From the Andrew Bain fracture zone (FZ; 32°E) to the Rodrigues triple junction (70°E), this spreading rate is almost constant [Patriat et al., 1997] whereas the spreading direction evolves eastward from N18°E to N0°E. Many characteristics vary along-axis, including the mean axial depths, the obliquity of the ridge axis (with respect to the normal to the spreading direction), the presentday small-scale segmentation and the presence or absence of long-lived transform and non-transform discontinuities. Major changes occur across the Discovery (42°E), Gallieni (52°20 between 31°E and 70°E. On the structural map, thick black lines indicate the fractures zones, the triple junction traces and the SWIR axis which are interpreted from the free air gravity anomalies (shown in background) derived from satellite sea-surface altimeter measurements [Smith and Sandwell, 1995] . Tracks of the FUJI cruise are shown by magenta lines. Tracks of the Gallieni cruise are shown by red lines. SEIR: Southeast Indian Ridge; CIR: Central Indian Ridge; RTJ: Rodrigues Triple Junction. On the bathymetric profile, the segments cited in the text and/or in other figures are identified by their number, following the nomenclature of Cannat et al. [1999] . Along-axis bathymetric data were collected during the Capsing cruise (R/V L'Atalante, 1993; 57-70°E) [Patriat et al., 1997] , the Gallieni cruise (49 -57°E) and the SWIFT cruise (R/V Marion Dufresne, 2001; 32-49°E) [Humler et al., 2001] . The Discovery, Gallieni and Melville FZs bound three major SWIR sections (see text for further details). increase to 3090 m in a short section, between $49°30 0 E and the Gallieni FZ [Humler et al., 2001; Sauter et al., 2002b] . They decrease again from 4330 m between the Gallieni and Melville FZs to 4730 m in the deepest part of the ridge, between the Melville FZ and the Rodrigues triple junction [Cannat et al., 1999] . This large-scale variation of axial depths suggests that the regional density structure of the axial region also varies. The shallowest ridge section, west of the Discovery FZ, probably correspond to the region affected by the Marion hot spot [Georgen et al., 2001] whereas the deepest ridge section to the east of the Melville FZ is thought to be underlain by thin crust and/or cold mantle [Cannat et al., 1999; Meyzen et al., 2003] . To the west of $49°30 0 E, the ridge has an overall obliquity of $40°and is characterized by several long-lived discontinuities (Figure 1 ). The short shallow section between $49°30 0 E and the Gallieni FZ has an overall obliquity of 20°and is devoid of such long-lived discontinuities (Figure 1 ). Between the Gallieni and Melville FZs the ridge has an overall obliquity of 45°and is characterized by many long-lived discontinuities (Figure 1 ). By contrast, the ridge section east of the Melville FZ has an overall obliquity of 25°and is devoid of such long-lived discontinuities (Figure 1 ). The alongaxis depth profile, between the Gallieni and Melville FZs, displays relatively homogeneous segment lengths ($40 km) and along-axis relief ($1000 m) but with large non-transform discontinuities (NTDs). By contrast, to the east of the Melville FZ, the segmentation is highly variable with three major segments with along-axis relief up to 2600 m, spaced every $200 km, and segments with significantly less relief (<1000 m) in between. [7] The TOBI images allow us to differentiate areas covered with volcanic constructions from areas devoid of such features showing advanced tectonic dismemberment. Seven segments were imaged during the survey, three to the west of the Melville FZ (segments 15, 16 and 17 in the nomenclature of Cannat et al. [1999] ) and four to the east of the Melville FZ (segments 8, 9, 10 and 11) ( Figure 2 ). As in previous works using deep-towed side scan sonar imagery [Smith et al., 1995; Gràcia et al., 1998; Briais et al., 2000; Sauter et al., 2002a] , we have distinguished three main types of volcanic constructions: flat-topped volcanoes, hummocky terrains and smooth lava flows. Hummocky terrains are by far the most widespread. They consist in numerous small (<500 m diameter) rounded mounds which are either irregularly aggregated or less frequently aligned along trends striking mostly E-W. Uniformly highly reflective areas are interpreted as smooth lava flows. Few large-scale flattopped volcanoes were observed in the survey area. These different volcanic features are often cut by linear, narrow reflectors that are inferred to be fault scarps. Elsewhere, large regions of high reflectivity are interpreted as landslide zones, generally associated with axial valley walls. In addition to these volcanic and tectonic features, large areas with uniformly low backscatter are inferred to be covered by sediments.
[8] Volcanic terrains within the seven segments surveyed show various degrees of deformation: from relatively recent volcanic areas with almost no fractures and/or fissures to totally dismembered zones with very intense faulting and fissuring. We have distinguished three main types of axial ridges according to these degrees of deformation. The first type corresponds to axial volcanic ridges (AVRs) where highly reflective volcanic features and few faults or fissures are observed. This is the case for segment 11 (Jourdanne mountains), segment 15 and the western axial ridge of segment 16. The E-W trending AVR of segment 11 (centered at 63°55 0 E) is 47 km long, 6 km wide (at the segment center) and is associated with a large accumulation of volcanic material, hummocks as well as smooth lava flows, that dominates the entire axial valley at the segment center. In contrast, the 35 km long and 6 km wide western axial ridge of segment 16 (centered at 59°20 0 E) lies within a deep large axial valley. This sigmoid-shaped ridge is about 500 m high and is associated with highly reflective and dense hummocky terrain ( Figure 3a) . A 1.5 km diameter flat-topped volcano is located on top of this ridge (Figure 3a ). Segment 15 (centered at 59°54 0 E) includes several fresh-looking hummocky ridges with various strikes. The small hummocky ridges located in the western part of the segment are 1.5-2 km wide, 200 m high and 3 km long while, to the east, the main axial ridge is wider (5 km), higher (600 m), longer (up to 20 km) and strikes E-W.
[9] The second type of axial ridge corresponds to partially faulted volcanic constructions, cut by faults and fissures. This is the case for segments 17, 10 and 8 (centered at 58°40 0 E, 64°27 0 E and 65°36 0 E respectively). The 9 km wide, 41 km long, 800 m high AVR of segment 17 is an E-W trending (d) The tectonized axial ridge of segment 16 (earlier AVR). On the bathymetric maps, thick black lines bound the TOBI imagery, magenta lines limit the axial volcanic ridges and thick red lines correspond to the summit of the ridge. White is high reflectivity and dark is low reflectivity in the TOBI images. terrain cut by large faults on its northern flank and fine-scale faulted smooth lava surfaces on its southern flank. Segment 10 includes two E-W trending AVRs in an en echelon array. These 8 km long, 4.5 km wide and 400-500 m high AVRs are associated with hummocky terrains cut by long E-W trending major fault scarps.
[10] The third type of axial ridge corresponds to central ridge systems with no intact volcanic features which instead are dominated by a series of closely spaced faults and fissures. This is the case for the 26 km long, 15 km wide segment 9 (centered at 64°49 0 E) where both the axial valley floor and the 300 m high ridge appear to be totally dismembered by both small-scale intense faulting and major fault scarps (Figure 3c) . Similarly, the eastern axial ridge of segment 16 is a 23 km long, 8 km wide, 450 m high, N80°E-striking tectonized ridge which is surrounded by fresh-looking hum- mocky terrain (Figure 3d ). Hummocky texture could only be identified within an area of low backscattering at the eastern extremity of this tectonized ridge, although basalts have been dredged in its central part [Mével et al., 1997] . The dimensions, orientation and location of this ridge at the shallowest part of the segment 16 suggest that it could represent an early dismembered AVR. Fresh-looking and partially faulted axial volcanic ridges have been observed on the MAR and the Reykjanes ridge [Briais et al., 2000; Parson et al., 1993] , but totally dismembered axial ridges have never been observed on slow spreading ridges.
Along-Axis Variations of Axial Valley Morphology
[11] As only a few segments have been covered by TOBI imagery, we have used along-axis multi- Figure 4 shows that the length of these axial ridges tends to increase with increasing height of the ridges suggesting that they may lengthen and grow as they become more mature. The evolution of the height of axial ridges is illustrated in Figure 5 which presents a selection of cross sections over different SWIR segment centers. The shape of the axial valley varies from a deep graben with no axial ridge (segment 20) to a valley entirely filled (segment 27) by volcanic material indicated by numerous conical seamounts. Between these two extremes, the height of the axial ridge lying on the axial valley floor increases from 100 m (segment 7) to 800 m (segment 17). For the last four examples (segments 39, 11, 45 and 27), the axial valley is partly (segments 39 and 11) to entirely filled (segments 45 and 27) and axial ridges are barely recognizable at segment centers. TOBI imagery and cross sections show that fresh looking volcanic constructions are observed on small ridges (segment 15) as well as on larger ones (segment 16) and in sections of the ridge where the axial valley is partly filled (segment 11). Likewise, partially faulted volcanic constructions are observed on small AVRs (segment 10) as well as on larger ones (segment 17) indicating that AVRs may reach different sizes before being cut by faults.
Variability of Abyssal Hills on the Flanks of the SWIR
[12] During the Gallieni cruise, multibeam bathymetric data, as well as magnetic and gravimetric data, were acquired out to 12 m.y. old crust in two survey areas (Figure 1) . The western off-axis survey area is located in the short shallow SWIR section between 49°30 0 E and the Gallieni FZ. Like the western TOBI survey area, the eastern off-axis survey area, from 54°35 0 E to the Atlantis II FZ, is located in the oblique SWIR section between Gallieni and Melville FZs. In both off-axis survey areas, the axial valley and flanks are fully covered using $200 km long profiles parallel to the spreading direction and spaced approximately 7 km apart. Using the magnetic profiles, we have picked the magnetic anomalies 1 (0.78 Ma), 3a (5.894 Ma) and 5 (10.949 Ma) for the western offaxis survey area and the magnetic anomalies 1, 2a (2.581 Ma), 3a, 4a (8.699 Ma) and 5 for the eastern off-axis survey area (geomagnetic reversal timescale of Cande and Kent [1995] ). The mag- Figure 4 . Height versus length of axial volcanic ridges of SWIR segments located between 32°E and 70°E. Bathymetric data were collected during the Capsing cruise (57 -70°E) [Mendel et al., 1997] , the Gallieni cruise (49 -57°E), the SWIFT cruise (35 -49°E) [Humler et al., 2001] and the KN145L16 cruise (west of 35°E) [Grindlay et al., 1996] . (Figure 6 ). The 30 km long axial ridge associated with segment 21 is 150 m high (measured across-axis at the segment center) while there is no axial ridge associated with segment 20. The segmentation is easy to follow off-axis. The off-axis traces of the segments correspond to large block mountains (1800-2700 m high) with a general orientation of N03-06°E, parallel to the spreading direction (Figure 6 ). These block mountains are bordered by depressions cor- responding to the NTDs off-axis traces. On the crustal thickness anomaly maps, the block mountains and adjacent NTDs correspond to areas of thicker and thinner crust, respectively ( Figure 6 ).
Magnetic anomalies identified over these block mountains show that spreading has been asymmetric during different periods of time for segments 20 and 21 (Table 1 ). [14] Superimposed on the block mountains, abyssal hills form elongated ridges, perpendicular to the spreading direction ( Figure 6 ). They are 3 km wide on average (measured in the spreading direction) and 100-350 m high (160 m high on average). The height of the abyssal hills decreases toward the NTDs traces where they disappear. Their lengths vary between 15 and 45 km. These hills are mostly asymmetric, with a steep slope facing toward the axis and a gentle slope facing away (Figure 7) . The outward-facing slopes are generally characterized by lobate features and sometimes crowned by conical seamounts. These abyssal hills, with similar dimensions (height, length and width) to the AVR of segment 21, are thus interpreted as remnants of old axial volcanic ridges. The mean distances between successive abyssal hills are about the same on each flank of the two segments (Table 2 ). Using these distances and the mean halfspreading rate measured between anomalies 1 and 5 (i.e., 6.91 km/m.y.), we obtained a 0.445 m.y. mean span of time between successive abyssal hills with a standard deviation of 0.150 m.y. This indicates a pseudoperiodic process resulting in the formation of successive abyssal hills with similar sizes on both segments over the last 12 m.y.
[15] Aside from the small-scale topographic variations, we observe, along the block mountains, a strong larger-scale variation in bathymetry and crustal thickness anomaly ( Figure 6 ). Areas of relatively thicker crust are about 20-30 km wide (measured across axis) and are either circular or elongated parallel to the spreading direction. The mean peak-to-trough amplitude in crustal thickness is 0.8 km (Figure 8 ). We observe large topographic swells 600-900 m high and 20-45 km wide (measured in the spreading direction), with abyssal hills superimposed (Figure 6 ), which correspond more or less to areas of relatively thicker crust. The across-axis variations of crustal thickness have relatively consistent wavelength, and suggest reg- ular changes in magma supply every $3 m.y. (Figure 8 ). These variations, as well as the large and small-scale topographic variations, are not synchronous at segment 20 and segment 21 (Figure 8 ). This non-synchronization is also observed in spreading asymmetry: for example, during the anomaly 2a-3a period, segment 21 is spreading asymmetrically while segment 20 is spreading symmetrically (Table 1) . Thus, although segments 20 and 21 have a similar evolution (similar abyssal hill sizes and periodicity, and similar crustal thickness variations), the non-synchronization suggests that segments 20 and 21 evolve independently.
Off-Axis Survey Area West of the Gallieni FZ
[16] The present-day segmentation of this survey area consists of four segments (26, 27, 28 and the eastern end of segment 29) limited by four NTDs [Sauter et al., 2001] . This slightly oblique section of the SWIR is characterized by the absence of an axial valley in its shallowest region (<1600 m) centered at 50°28 (Figure 9a) . This shallow domain corresponds to an area of 2-3 km thicker crust than the older deeper lithosphere (Figure 9b ). Its V-shape, pointing toward the east, observed both in the bathymetric and crustal thickness maps, suggests the propagation of a melting anomaly.
[17] In contrast to the eastern off-axis survey area, this ridge section has no clear off-axis segmentation except for segment 27 for which we can follow its off-axis traces until the edges of the central domain (Figure 9a ). These off-axis traces are characterized by four large E-W elongated domes which are about 60 km long and 500-900 m high (Figure 9a ). The width of these domes (10-22 km) decreases toward their terminations forming a bowshaped structure in plan view (Figure 9a ). These domes are asymmetric with a steep axial-facing slope, cut by a series of faults, and a gentle outward-facing slope, crowned by numerous conical seamounts (Figure 7) . They thus show the same asymmetric shape as the abyssal hills of the eastern section (Figure 7 ) suggesting a similar formation process. The age difference between the successive domes is 2 m.y. The off-axis traces of segment 27 correspond also to a thicker crust area which is characterized by a positive anomaly at about 20 km on each side of the axis (Figure 9b ). Taking into account the asymmetric spreading rate for this segment (Table 3) , the widths of these anomalies (18-25 km) indicate changes in magma supply which last about 3 m.y. Peak-to-trough amplitudes in crustal thickness reach 1.2 km. The large abyssal hills are located on top of these thicker crust anomalies.
[18] On the shallow central domain, we observe two series of few small abyssal hills on the southern flank of segments 29 and 26 (centered at 49°25 0 E38°10s and 51°10 0 E-37°40s respectively) ( Figure  9a ). These series are underlain by much thinner crust than beneath segment 27 (Figure 9b) . Although, these small abyssal hills have no counterpart on the northern flank, they have similar size and shape to those identified on the eastern off-axis survey area. The asymmetric distribution of these hills is probably related to the high spreading rate asymmetry measured in this region (Table 3) . Series of abyssal hills are no more observed on the deeper part of the flanks. Outside the central shallow domain, bathymetric highs are randomly distributed and most of them are underlain by thin crust suggesting that these features are uncompensated and that the seafloor topography is dynamically maintained. Areas of thicker crust commonly correspond to deep seafloor and are predominant in the southern deepest part of the survey area whereas they are rare in the corresponding northernmost part (Figure 9b ). Such common departure from isostatic compensation of seafloor topography and pronounced asymmetry of crustal thickness and seafloor relief between the two ridge flanks have also been observed by M. Cannat et al. (Melt supply variations to a magma-poor ultra-slow spreading ridge (Southwest Indian Ridge 61°to 69°E), submitted to Geochemistry, Geophysics, Geosystems, 2003) (hereinafter referred to as Cannat et al., submitted manuscript, 2003) in the deepest part of the SWIR, to the east of the Melville FZ.
Discussion

Life Cycle of AVR Development
[19] The differences in the size and deformation of axial volcanic ridges observed in side scan sonar images suggest stages in an evolutionary life cycle 2002GC000417 of AVR development. This cycle ranges from periods of volcanic construction, when magma supply is high enough to built volcanic ridges, to periods of tectonic dismemberment, when magma supply decreases so that tectonic extensional processes become predominant (Figure 10 ). According to this magmato-tectonic cycle, fresh-looking AVRs of segments 16, 15 and 11, are in a stage of volcanic construction while tectonized axial ridges, of segments 9 and 16, are in an advanced stage of tectonic dismemberment. Partially faulted AVRs (segments 8, 10 and 17) are interpreted to be in a transition period between the periods of volcanic construction and tectonic dismemberment. [20] We suggest that periods of volcanic construction alternate with periods of tectonic dismemberment to built the abyssal hills, as previously proposed for slow spreading ridges [Pockalny et al., 1988] . As the abyssal hills of segments 20, 21 and 27 have similar dimensions to the AVRs observed along the SWIR axial valley, we suggest that these hills correspond to old split AVRs which have been transported onto the flanks with Figure 10 . Magmato-tectonic cycle model showing the idealized temporal evolution of an axial volcanic ridge. The axial volcanic ridge is built during a period of volcanic construction and is split in two by normal faulting during a period of tectonic dismemberment. Normal faulting may occur either on the top of the axial volcanic ridge (as shown here) or on one flank of this ridge resulting in two abyssal hills with different sizes. The two parts are moved apart and a new axial volcanic ridge can latter form in between. In this magmato-tectonic cycle, fresh-looking axial volcanic ridges of segments 16, 15 and 11 are interpreted to be in a volcanic construction phase and partially faulted axial volcanic ridges of segments 17, 10 and 8 are interpreted to be at the beginning of a tectonic phase. little deformation. The episode of volcanic construction probably starts with a small volcanic ridge (Figure 11a ) resulting from a single or a few eruptions. This primary AVR then grows during successive eruptions up to a final size (500 m for segment 10 and 800 m for segment 17) depending on the volume of magma available (Figures 5 and 10) . During this stage of volcanic construction, diking events are frequent, interrupting and sometimes resetting the build-up of tensional stresses perpendicular to the ridge by plate spreading [Perfit and Chadwick, 1998 ]. However, the tectonic cycle of faulting may be only partly short-circuited as small faults and/or fissures are often observed on fresh-looking volcanic constructions which themselves seem to overlay more densely faulted volcanic units (Figure 11b ). When magma supply decreases, tectonic processes become predominant: less frequent dike injections in the crust give way to the accumulation of tensional stresses leading to formation of small to large faults [Perfit and Chadwick, 1998 ] as observed on the AVR of segment 17. This AVR is cut on its top by a small graben, its northern side is cut by few large throw faults whereas numerous smaller-scale faults affect the southern side. This example shows that the tectonic deformation is not necessarily focused but may be distributed. When tectonic processes are focused, the AVR is split in half by normal faulting, the two parts are moved apart and a new AVR can latter form in the middle (Figure 10 ), as observed in segment 16. In case of segment 16 the two parts are not yet moved to the flanks but remain in the axial valley due to the obliquity of the ridge. These previous AVRs are still affected by tectonic processes that occurred in the axial valley resulting in totally dismembered ridges. Normal faulting may occur either on the top of the AVR or on one flank of the AVR resulting in two abyssal hills with different sizes.
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Influence of the Magma Supply on AVR Development
[21] Off-axis bathymetric data, at segments 20 and 21, show that most abyssal hills have a distinctly asymmetric shape, with steep faulted scarps facing toward the axis and gentle dipping volcanic slope facing away (Figure 7 ). These observations suggest that their formation is due to alternating periods of volcanic construction and tectonic dismemberment. Furthermore, these abyssal hills have almost the same size suggesting that similar volumes of magma were transported to the surface to build these hills. The almost constant distance between successive abyssal hills indicates that the magmato-tectonic cycle is a pseudoperiodic process. The estimation of the period of volcanic construc- [Hosford et al., 2002 [Hosford et al., , 2003 ]. The magmato-tectonic cycle inferred from the off-axis pattern of segments 20 and 21 may thus be a common process to all the segments in the oblique SWIR section between the Gallieni and Melville FZs. Both the regularity of the abyssal hills pattern and the almost constant magma supply, indicated by the small amplitude of the crustal thickness variations on the flanks of segment 20 and 21, may be related to the stability of the segmentation which characterizes this ridge section. A highly segmented plate geometry, with large and long discontinuities, exists indeed since 40 m.y. between the Gallieni and Melville FZs [Sauter et al., 2001] . Thick and cold lithosphere at such large discontinuities is believed to depress the top of the melting region and create a gradient at the base of the lithosphere that can focus melt toward the segment centers [Magde and Sparks, 1997] . Long-lived large discontinuities may thus contribute to the stability of this focusing mechanism resulting in a regular magma feeding of the segments although the overall magma supply is low in this SWIR section. Nevertheless, this does not preclude episodic formation of buoyant mantle diapirs [Schouten et al., 1985] which may explain the small crustal thickness variations observed every $3 m.y on the flanks of segment 20 and 21. The availability of melt beneath these segments also controls the repeated injections of magma through dike intrusions which propagate up to the seafloor and feed the axial volcanic ridges. Melt gathers beneath the segments until an excess magma pressure is reached in the melt-rich region and dikes are initiated. The abyssal hill pattern may thus also partly reflect the periodicity of the dike intrusion process together with the variations of the ambient tensional stress perpendicular to the ridge.
[22] The off-axis data of segment 27 in the shallow SWIR section west of the Gallieni FZ show much larger abyssal hills than those observed in the oblique SWIR section between the Gallieni and Melville FZs (Figures 5 and 7) . Using the width of these hills, the magmato-tectonic cycle for segment 27 lasts about 1.7-2.7 m.y., 4 to 6 times longer than for segments 20-21. Such large topographic features have also been recognized on the flanks of segment 45 (Figures 1 and 5 ) which is located in the shallowest SWIR section near the Marion hot spot. We thus propose that higher magma supply, in these shallow ridge sections, may produce larger abyssal hills. A simple model of mantle melting and regional isostatic compensation suggests indeed that differences in mantle temperature and in melt thickness between the oblique section to the east of the Gallieni FZ and the shallower region to the west are of the order of 60°C and 3 km, respectively [Cannat et al., 1999] . C. M. Meyzen et al. (manuscript in preparation, 2003) obtained similar estimations from the Na 8 content of basaltic glasses dredged in these ridge sections. A significantly larger magma supply may increase the frequency of sill intrusion in the crust and develop a shallow magma chamber [Gudmunsson, 1990] large enough to initiate multiple injections of dikes. These dikes then feed numerous fissure eruptions which finally result in the building of large volcanic constructions. A more robust magma supply may also cause episodic volcanic burial of topographic lows which could explain the present-day absence of both an axial valley and an AVR at segments 27 and 45. A hotter mantle and higher magma supply also favor along-axis melt distribution in the crust and thus longer abyssal hills like those of segment 27. However, the regular off-axis pattern of segment 27 is only observed for a short period of time ($6 m.y.), since the formation of the shallow central domain of the western off-axis survey area. This off-axis pattern may thus not be representative of the long term evolution of a segment with high magma supply. Moreover, discontinuities to the west of the Gallieni FZ are shortlived and smaller than in the oblique ridge section to the east of the Gallieni FZ resulting in less lithospheric control on the melt migration at depth. They bound low-relief segments with thin crust where the magma supply may be controlled by melt migration from the adjacent high relief seg- ment 27 [Sauter et al., 2001 ]. An irregular and intermittent feeding of such magmatically weak segments could explain the presence of only a few short series of small abyssal hills on the flank of these segments.
[23] When magma supply strongly decreases and becomes highly discontinuous, as observed outside the shallow central domain to the west of the Gallieni FZ, regular abyssal hill patterns are no longer observed and give way to randomly distributed bathymetric highs. These highs look like those identified by Cannat et al. (submitted manuscript, 2003) in the deep magma-poor section of the SWIR to the east of the Melville FZ. These authors propose that these highs are large volcanic constructions which were initiated by strong and transient melt focusing and fed by rapid melt extraction through dikes. Deep-reaching normal faults then disrupt these constructions leading to the formation of asymmetric seafloor topography. Segment 11 receives indeed more melt than the low regional average (Cannat et al., submitted manuscript, 2003) and displays a fresh looking axial valley which is partly filled, like the magmatically robust segments in the shallowest SWIR section. On the contrary, the absence of significant melt supply beneath the axis at segment 9 could explain the complete tectonic dismemberment of the axial valley which is observed in the TOBI data. This ultimate stage of the evolution of the axial valley may thus be specific to the deep and magma-poor parts of the SWIR where the magma supply is highly episodic and nonstatic.
Conclusions
[24] 1. Side scan sonar images of the SWIR segments allow observation of fresh-looking unfaulted AVRs, partially faulted AVRs and totally dismembered axial ridges. These various degrees of deformation and differences in the length and height of the AVRs suggest different stages in an evolutionary life cycle of AVR development.
[25] 2. Off-axis bathymetric data, in the oblique SWIR section between the Gallieni and Melville FZs, show that the abyssal hills all display an asymmetric shape, with steep faulted scarps facing toward the axis and gentle dipping volcanic slope facing away. We suggest that their formation is due to successive periods of volcanic construction and tectonic dismemberment.
[26] 3. Large abyssal hills in ridge sections with thicker crust suggest that the magma supply controls the size of the abyssal hills. The regular spacing between the abyssal hills in ridge sections of thinner crust suggests that the magmato-tectonic cycle is a pseudoperiodic process which lasts $0.4 m.y., about 4 to 6 times shorter than in ridge sections of thicker crust (1.7-2.7 m.y.).
[27] 4. We suggest that the regularity of the abyssal hills pattern, observed in the oblique SWIR section, is related to the persistence of a nearly constant magma supply beneath long-lived segments. By contrast, when magma supply strongly decreases and becomes highly discontinuous, regular abyssal hills patterns are no longer observed.
